ligands include a wide range of molecules with strong adjuvant activity (such as lipopolysaccharide, lipopeptides and bacterial DNA), and these ligands can activate dendritic cells (DCs), macrophages and other APCs and allow the effective presentation of microbial antigens to cells of the adaptive immune system. However, endogenous ligands have also been identified for a substantial proportion of TLRs (TABLE 1) . Although the data on endogenous ligands might, in some cases, be confounded by low-level contamination with microbial products 6 , it is clear that this is not always the case. The identification and further characterization of endogenous ligands for TLRs (as well as other PRRs) provides a novel perspective for examining the aetiology of autoimmune disease. Instead of viewing autoimmunity as an overzealous response to host antigens by the adaptive immune system, we must also consider the possibility that, at least in some cases, autoimmunity results from an overzealous response to exogenous or endogenous ligands by the innate immune system. This Review summarizes recent in vitro and in vivo studies that point to an important connection between DNA-and RNA-containing immune complexes, the production of type I interferons (IFNs; that is, IFNα and IFNβ), the activation of TLRs and subsequent events in the development and/or the progression of systemic autoimmune diseases.
Plasmacytoid DC (pDC) . A dendritic cell (DC) that lacks myeloid markers such as CD11c and CD33 but expresses large amounts of the cell-surface markers HLA-DR and CD123. After activationfor example, when stimulated through Toll-like receptorsthese cells produce large amounts of interferon-α.
Hypomethylated CpG motif
An unmethylated CG dinucleotide in a particular base context. These motifs have been found to induce innate immune responses through interaction with Tolllike receptor 9. early clinical studies revealed a correlation between aberrant expression of IFNα and SLE 8 . Direct evidence of a causal relationship subsequently came from the observation that repeated administration of recombinant IFNα to patients with various malignancies or chronic viral infections could lead to the production of antinuclear antibodies (ANAs) and, occasionally, to the development of clinical symptoms associated with SLE or other autoimmune diseases 9, 10 . More recent studies that examined gene expression have identified an 'IFN signature' in most patients with active SLE 11, 12 . IFNα can contribute to disease pathogenesis through various mechanisms, including direct and indirect effects on APCs, T cells and B cells (reviewed in REF. 13 ) ( BOX 2) . pDCs are the main source of IFNα. It is now known that large amounts of IFNα are produced by a relatively rare, but highly efficient, class of immature DCs that were originally known as natural IFN-producing cells but are now more commonly known as plasmacytoid DCs (pDCs) 14 . In response to viral infection, pDCs produce IFNα and therefore have a crucial role in activating the innate immune system. Most importantly, as shown by insightful studies carried out by Lars Rönnblom and colleagues 15, 16 , immune complexes (isolated from the sera of patients with SLE) can be an unexpectedly potent stimulus for IFNα production, especially for pDC populations that have previously been exposed to type I IFNs or other cytokines such as granulocyte/macrophage colony-stimulating factor. In addition, pDCs can be activated by purified patient-derived IgG mixed with either apoptotic-or necrotic-cell debris. Activation of pDCs by these immune complexes is sensitive to both DNase and RNase 17 . Because the apoptotic-and necrotic-cell debris are from mammalian cells, these experiments clearly show that endogenous nucleic acids have a key role in the activation of pDCs. Similar to other APCs, pDCs express receptors for the Fc portion of IgG (FcγRs), which can bind and internalize IgG-containing immune complexes and function as activating receptors (reviewed in REF. 18 ). Immune complexes from patients with SLE cannot stimulate pDCs that have been pretreated with blocking antibodies directed against FcγRIIa (a lowaffinity FcγR; also known as CD32). Moreover, in this study, heat-aggregated IgG, another ligand of FcγRIIa, fails to induce IFNα production 19 . Together, these data show that only certain immune complexes have IFNαinducing activity and that FcγRIIa is required for the detection of these complexes.
pDCs express TLR7 and TLR9, which detect nucleicacid-containing immune complexes. One reason for the efficient response of pDCs to both microbial infection and SLE-associated immune complexes is that, in addition to other PRRs, pDCs constitutively express two members of the TLR family, TLR7 and TLR9 (REF. 20) . TLR9 was originally identified as a receptor that could distinguish between bacterial (or viral) DNA and mammalian (host) DNA, on the basis of the high frequency of hypomethylated CpG motifs in non-mammalian DNA 21, 22 
. TLR7 was identified as a receptor for viral single-stranded RNA (ssRNA) [23] [24] [25] . In contrast to most other TLR-family members, TLR7 and TLR9 are not expressed at the plasma membrane but, instead, are sequestered in cytoplasmic compartments of the endoplasmic-reticulum-endosome-lysosome lineage 26 . The link between DNA-containing immune complexes, FcγRs and TLR9 has been formally established by using
Box 1 | Common systemic autoimmune diseases: clinical symptoms and immunological features
Systemic lupus erythematosus (SLE) is a complex chronic inflammatory disease that arises spontaneously and can affect the skin, joints, kidneys, lungs, nervous system, vasculature, serous membranes and other organs. The effector mechanisms of inflammation depend on lymphocytes, neutrophils, monocytes, platelets and mast cells and can involve the complement, kinin and coagulation cascades. In individuals who are genetically predisposed to develop SLE, factors that have been associated with the initiation of symptoms and the subsequent disease flares include infectious agents, stress, toxins and physical agents (such as sunlight). Patients present with a wide range of clinical manifestations. Cutaneous lesions are found in 80-90% of patients and include the following: a characteristic rash across the cheeks (also known as a butterfly rash), which recurs; and discoid lesions, which are more chronic. Other symptoms can include one or more of the following: fatigue, painful joints, nephritis, neuropsychiatric abnormalities, pericarditis and pleuritis. Morbidity and mortality are associated with severe renal disease and accelerated atherosclerosis. SLE is considered to be a systemic autoimmune disease because of the prevalence of antibodies that react with self components in the nucleus and cytoplasm, often macromolecular complexes of proteins and nucleic acids. The autoantibodies form immune complexes that can accumulate in the kidneys and other tissues and induce inflammation. Some autoantibodies might also bind directly to epitopes in the kidneys or the central nervous system, with pathological consequences.
Other examples of chronic inflammatory diseases with an autoimmune aetiology are scleroderma (systemic sclerosis) and Sjögren's syndrome. Clinical features of scleroderma include the following: progressive thickening and hardening of the skin; vascular disease, which manifests particularly in the hands (Raynaud's syndrome); and possibly also inflammation and fibrosis of internal organs such as the heart, lungs and kidneys. Sjögren's syndrome is most commonly associated with lymphocyte infiltration of the lacrimal and salivary glands, resulting in dry eyes and a dry mouth; however, lymphocyte infiltration might extend to the skin, lungs, heart, kidneys and nervous system. Both scleroderma and Sjögren's disease are frequently associated with the production of antinuclear antibodies. Intriguingly, SLE, scleroderma and Sjögren's syndrome are each associated with particular autoantibody reactivities: SLE, with antibodies that react with doublestranded DNA, nucleosomes and the protein Sm; scleroderma, with antibodies that react with topoisomerase I, fibrillarin and centromeres; and Sjögren's syndrome, with antibodies that react with the RNA-binding proteins Ro (also known as SSA) and La (also known as SSB). TLR9-deficient primary cell populations and TLR9transfected cell lines. Chromatin-containing immune complexes (but not endotoxin-free protein-containing immune complexes) induce mouse bone-marrowderived DCs to produce large amounts of tumournecrosis factor, and this response was found to depend on FcγR expression (in this case, mouse FcγRIII), to be blocked by inhibitors of TLR9 and to be markedly reduced in cells from TLR9-deficient mice 27 . Moreover, DNA-containing immune complexes from the sera of patients with SLE were shown to stimulate the production of cytokine mRNA by HEK293 (human embryonic kidney 293) cells that had been transfected with TLR9 and FcγRIIa, as well as to colocalize with TLR9 and FcγRIIa in acidic lysosomes 28 . The exact compartment in which the immune-complex-FcγR and TLR pathways intersect is likely to depend on the cell type, and endosomes might be the more relevant compartment in pDCs 29 . Similar to the way that DNA-containing immune complexes activate cells through TLR9, RNA-containing immune complexes activate cells through TLR7. Sera from patients with SLE or Sjögren's syndrome often have high titres of antibodies specific for small nuclear ribonucleoproteins (snRNPs), which are macromolecular complexes that consist of small nuclear RNA (snRNA) and associated proteins. Although it has been difficult to show that these sera activate pDCs directly, IgG purified from the sera of patients with SLE induces IFNα production by pDCs if the IgG is mixed with necrotic-cell debris or purified snRNPs. This IFNα-inducing activity is inhibited by chloroquine or bafilomycin, agents that interfere with the acidification of endosomes and block the activation of TLR7 and TLR9. Cytokine production is also blocked by oligodeoxynucleotide (ODN) sequences that are known to inhibit the activation of TLR7 and TLR9 
. In addition to the immune complexes formed from cell debris and IgG from the sera of patients with SLE, better-defined RNA-containing immune complexes can be formed by combining purified snRNPs (such as U1 snRNA and its associated proteins) with monoclonal antibodies specific for one of the proteins in the particles (for example, the protein SmD). These immune complexes stimulate pDCs from wild-type (TLR7-sufficient) mice but not TLR7-deficient mice 33 . Together, these in vitro data strongly implicate FcγR-mediated delivery of nucleicacid-containing immune complexes to a TLR7-or TLR9-containing compartment of pDCs as a key event in the pathogenesis of SLE (FIG. 1a) . These immune complexes also activate monocytes and neutrophils 28 , thereby further contributing to the inflammatory processes and/or regulatory pathways that operate in systemic autoimmune disease.
Origin of IFNα-inducing immune complexes
Microbial ligands potentially contribute to autoantibody production. For the formation of immune complexes, it is necessary to have both autoantigens and autoantibodies. As mentioned in the previous section, many of the common autoantigens are released from dead and dying cells, and might become available to the immune system as a result of excessive cell damage or an inability to appropriately clear apoptotic-cell debris (reviewed in REF. 34 ). Autoantibodies are produced by self-reactive B cells, which most probably constitute a reasonably high percentage (5-20%) of the naive B-cell repertoire in most individuals 35 . Defects in early B-cell tolerance might lead to an even greater percentage of self-reactive B cells in patients who are prone to the development of autoimmune disease 36 . Several mechanisms, which are not necessarily exclusive of one another, probably account for the activation and the differentiation of these cells that are normally quiescent. Viral or bacterial infections are frequently associated with the onset of systemic autoimmune disease, as well as with subsequent clinical flares 13, 37 , and these infections are likely to have a pivotal role in the loss of tolerance and the ensuing production of autoantibodies. According to one model that has been proposed 16 , DCs and macrophages (activated through their various PRRs) upregulate co-stimulatory molecules and start to produce type I IFNs and pro-inflammatory cytokines. Autoantigens that are presented by these APCs then stimulate potentially autoreactive T cells, which in turn promote the activation, clonal expansion and differentiation of the reasonably abundant autoreactive B cells. Under the appropriate conditions, these B cells undergo somatic hypermutation of their B-cell receptor (BCR) and switch to expression of pathogenic immunoglobulin classes. The higher-affinity autoreactive B-cell clones are then selected by autoantigens that become increasingly available during the course of the infection, owing partly to the increased rate of cell death, which is caused by inflammatory cells and cytotoxic effector cells. B-cell differentiation might also be driven
Box 2 | Mechanisms by which interferon-α promotes SLE
There are 13 subtypes of interferon-α (IFNα), and these are encoded in a cluster on chromosome 9 and signal through the type I IFN receptor. IFNα has a broad set of functions. Many of its effects probably contribute to the initiation and the perpetuation of systemic autoimmune diseases such as systemic lupus erythematosus (SLE), Sjögren's syndrome and scleroderma. For example, IFNα promotes the differentiation of monocytes into myeloid dendritic cells (DCs) that are highly efficient at antigen presentation, that express large amounts of co-stimulatory molecules, MHC class I and class II molecules, and transporter associated with antigen processing (TAP) proteins, and that produce T-and B-cell survival factors. Mature DCs can then activate autoreactive T helper cells and cytotoxic effector (CD8 + ) T cells. IFNα can also contribute to the availability of autoantigen in the following ways: by increasing the sensitivity of target cells to cytotoxic effector mechanisms; by increasing the cytotoxic activity of CD8 + T cells and natural killer cells, through upregulation of expression of granzyme B, CD95 ligand and TRAIL (tumour-necrosis-factor-related apoptosisinducing ligand); and by increasing the expression of common autoantigens, such as Ro and lamin 1b. Direct effects of IFNα on B cells include promoting plasmablast and/or plasma-cell differentiation, promoting switching to the pathogenic immunoglobulin isotype IgG2a, and upregulating expression of Toll-like receptor 7 (TLR7) and the TLR adaptor protein MyD88 (myeloid differentiation primary-response gene 88). Importantly, IFNα also influences the functional properties of plasmacytoid DCs directly, increasing the expression of IFN-regulatory factor 7 and thereby increasing the responsiveness of plasmacytoid DCs to RNA-and/or DNA-containing immune complexes. The expression of many of the genes that are induced by IFNα is higher in patients with SLE, and this gene-expression pattern, as determined by DNA-microarray analysis, is referred to as the IFN signature.
by the recognition of virus-infected B cells by T cells 38 . Excessive amounts of cell debris and autoantibodies subsequently form immune complexes, which then induce a second phase of pDC activation (which is TLR dependent) and establish a feedback loop that further exacerbates the disease process.
A second possible model links infection to the production of antibodies that react with molecular mimics of autoantigens: that is, viral epitopes that crossreact with autoantigens. One of the main examples of this is the crossreactivity between peptides derived from Epstein-Barr virus nuclear antigen 1 (EBNA1) and peptides derived from the autoantigens Ro (also known as SSA) and Sm, which are proteins that are associated with RNA-containing macromolecules 39 . In this model, B cells that respond to EBNA1 epitopes also recognize the corresponding autoantigens. Macromolecules (or apoptotic-and/or necrotic-cell debris) that contain these autoantigens are taken up by either activated B cells (through the BCR) or APCs (through FcγR-mediated binding of Ro-or Sm-containing immune complexes). This results in the presentation of a more extensive range of autoantigen epitopes in a milieu that can activate a broader range of autoreactive T cells, eventually leading to the phenomenon of epitope spreading and the activation of B cells that produce a more extensive autoantibody repertoire. However, only 40% of patients with SLE produce Ro-or Sm-specific antibodies, and systemic autoimmune diseases such as scleroderma are associated with autoantibodies specific for other sets of autoantigens that are associated with different subcellular macromolecular particles or organelles (such as nucleoli). So either molecular mimics that have yet to be identified account for these reactivities, or additional mechanisms are involved.
A third possibility is that a wide range of infections might activate autoreactive B cells directly through PRRs. Signals that are delivered by a PRR engaged by a microbial ligand plus a BCR engaged by an autoantigen (which separately might be sub-threshold) could combine to promote the activation of autoreactive B cells. There is a precedent for BCR and TLR synergy in this context 40 .
Endogenous TLR ligands have a role in autoantibody production.
Despite the many potential mechanisms for the triggering of autoantibody production by microorganisms, it is also possible that certain autoantigens, independent of infection, are endogenous ligands for PRRs and have a proactive role in the loss of tolerance. Similar to pDCs, B cells express both TLR7 and TLR9. Importantly, IFNα markedly upregulates the expression of TLR7 and the TLR adaptor protein MyD88 (myeloid differentiation primary-response gene 88) in both human B cells 41 and mouse B cells (A.M.R. and T. Behrens, unpublished observations) and can also increase the response of B cells to TLR9 ligands 42 . However, because TLR7 and TLR9 are located in cytoplasmic compartments and not at the cell surface, this route of activation is limited to molecules that can gain access to the appropriate TLR-containing compartment. One such access route is BCR-mediated endocytosis, and this access route is available not only to microorganisms but also to endogenous ligands that are recognized by an autoreactive BCR. Therefore, self antigens that, when available in excessive quantities, can effectively engage both the BCR and either TLR7 or TLR9 might stimulate autoreactive B cells that are normally quiescent, through inherent adjuvant activity. Similarly, aberrant expression or regulation of the relevant TLRs might render B cells hyper-responsive to endogenous ligands and therefore predispose an individual to the development of systemic autoimmune disease.
Supporting evidence for the idea that an endogenous ligand can be a trigger of autoimmune disease initially came from the in vitro analysis of mice transgenic for the AM14 BCR. AM14 B cells express a receptor specific for autologous IgG2a, a specificity that is commonly found in the B-cell repertoire of autoimmune-prone mice. This receptor binds monomeric IgG2a with relatively
Box 3 | Stimulatory versus inhibitory oligodeoxynucleotides
Synthetic oligodeoxynucleotides (ODNs) stabilized by a phosphorothioate backbone (which is nuclease resistant) have been used experimentally as adjuvant mimics of bacterial DNA.
Stimulatory ODNs incorporate a hypomethylated CpG motif, or an unmethylated CG dinucleotide, in a particular base context that recapitulates short sequences that are commonly found in bacterial DNA but not mammalian DNA. The optimal motif for stimulation of mouse cells is GACGTT, and GTCGTT is the optimal motif for stimulation of human cells 108 . ODNs in which the entire backbone is phosphorothioate linked are sometimes referred to as type B ODNs (also known as type K ODNs) and mainly stimulate B cells and monocytes. ODNs with a mixed phosphodiester-phosphorothioate backbone can also be synthesized; in this case, the CpG motif is flanked by self-complementary bases to form a stem-loop structure that is capped at the 3′ end by a poly(G) tail. These ODNs can be referred to as type A ODNs (also known as type D ODNs) and are particularly effective inducers of interferon-α production by plasmacytoid dendritic cells (pDCs) 109 . Type C ODNs contain structured elements of both type A ODNs amd type B ODNs, and stimulate both B cells and pDCs effectively 110 .
ODNs that have inhibitory activity have also been synthesized, and these ODNs can block the activation of Toll-like receptor 7 (TLR7) and/or TLR9 specifically, with minimal effects on other TLR-family members. One type of inhibitory ODN is constructed by replacing the 3′ bases downstream of the CG dinucleotide with a GGG trinucleotide and by incorporating a CCT trinucleotide upstream 83 . The CCTNNNGGGG motif ( where N denotes an unspecified base) is also shared by other inhibitory sequences. Another type of inhibitory ODN consists of repeats of the TTAGGG hexanucleotide, which is commonly found in mammalian telomeres 52 43 . As a result, in mice that are not prone to autoimmunity, AM14 B cells manage to evade the common mechanisms of tolerance induction and develop into relatively normal mature B cells 44 . In vitro, AM14 B cells proliferate in response to immune complexes that contain IgG2a bound to DNA or DNA-associated proteins or RNA or RNA-associated proteins, but these B cells fail to respond to immune complexes of IgG2a bound to proteins. These B-cell-stimulatory immune complexes are remarkably similar to the IFNα-inducing immune complexes described earlier. Responses to both RNA-and DNA-containing immune complexes are blocked by inhibitors of TLR7 or TLR9, and B cells that are deficient in TLR7 or TLR9 respond poorly to RNA-and DNA-containing immune complexes, respectively [45] [46] [47] . The same BCR and TLR paradigm applies to BCR-transgenic B cells that react directly with DNA 48 . Together, these experiments strongly indicate that B cells that express low-affinity autoreactive BCRs can be activated effectively by autoantigenic ligands for TLR7 or TLR9 (FIG. 1c,d ). As might be predicted by the type-I-IFN-induced upregulation of TLR7, the response to RNA-containing immune complexes was found to be markedly increased by co-culture of the B cells with IFNα or IFNβ. It follows that, during the course of an infection, in the presence of large amounts of type I IFNs, autoreactive B cells are likely to become more responsive to RNA-containing autoantigens, to produce larger amounts of the corresponding autoantibodies and therefore to further activate pDCs (FIG. 2) .
Autoantigens can be autoadjuvants. Numerous studies have documented the adjuvant activity of bacterial and viral DNA, as well as DNA from other sources that is rich in hypomethylated CpG motifs 21, 49, 50 . By contrast, purified mammalian genomic DNA has remarkably poor adjuvant activity, most probably reflecting the lack of hypomethylated CpG motifs, as well as the presence of sequences that inhibit effective activation of TLR9 by agonist motifs 51, 52 . How then do the DNA-containing immune complexes that are present in the sera of patients with systemic autoimmune disease activate pDCs effectively? Furthermore, mammalian DNA is a very weak immunogen in normal mice, so why are DNAand chromatin-specific antibodies so common in patients and mice with autoimmune disease? One possibility is that mammalian DNA can activate TLR9 but does not usually have access to the appropriate TLR9-containing cytoplasmic compartment 53 . FcγRmediated uptake could, in theory, promote delivery to the TLR9-containing compartment of pDCs, and DNA-binding B cells might simply be more prevalent in patients with SLE. It is also possible that synergistic interactions between the BCR (or FcγR) and TLR9 increase the weakly stimulatory effects of mammalian DNA 40 . However, the relative inability of immune complexes that consist of hapten-specific antibody and haptenated mammalian genomic DNA to activate B cells effectively compared with immune complexes that consist of hapten-specific antibody bound to hapten ated bacterial DNA indicates that neither of those possibilities is likely to occur 48 .
Alternatively, the DNA that is present in IFNα-inducing or B-cell-stimulatory immune complexes could inherently differ from total mammalian DNA, either because patients with SLE have defects in DNA methy lation 54 or because segments of the mammalian genome that are enriched for hypomethylated CpG motifs (such as CpG islands or mitochondrial DNA) are preferentially released by apoptotic or necrotic cells. This possibility is consistent with a report that DNA isolated from immune complexes is enriched for CG content 55 . Notably, therapeutics that are associated with drug-induced lupus are often inhibitors of DNA-methyltransferase 56 . DNA modifications that result from inflammation and/or cell death might also increase the adjuvant activity of mammalian DNA. For example, reactive oxygen species (ROS) can lead to the oxidation of cellular components, including DNA and RNA. Higher than normal amounts of 8-hydroxy-2′-deoxyguanosine (a marker for ROS-damaged DNA) have been isolated from circulating immune complexes that are present in the sera of patients with SLE 57 . Moreover, the treatment of DNA with ROS can increase the immunogenicity of DNA 58 .
Particular features of mammalian RNA subtypes are also likely to confer adjuvant activity. Agonists for TLR7 include ssRNA that is rich in U or a combination of U and G 23, 24 . It therefore follows that many of the snRNPs that are frequently targeted by autoantibodies consist of proteins that are bound to small UG-rich RNAs. Furthermore, RNA-based oligonucleotides that incorporate the UG-rich binding sites of these proteins can activate TLR7 and TLR8 (REF. 30 ). The adjuvant activity of RNA also probably depends on the extent of post-translational modification. Mammalian ribosomal RNA is subject to much more extensive modification than bacterial ribosomal RNA, and modifications that are frequently found in mammalian RNA (such as pseudour idine and 5-methylcytidine) can interfere with the capacity of RNA-based oligonucleotides to activate TLR7 (REF. 59 ). By this criterion, synthetic (unmodified) RNA that corresponds to mammalian sequences would be expected to activate TLR7 more effectively than native RNA. Therefore, it is possible that mammalian mitochondrial RNA or snRNP-associated RNAs will be found to activate TLR7 (or TLR8) preferentially, based on selective or reduced levels of modification.
One final possibility is that environmental modifications, such as oxidation, might also (in some cases) increase the adjuvant properties of mammalian RNA 47 . For example, ultraviolet (UV) light (such as sunlight) can trigger flares of SLE and is often associated with cutaneous SLE. UV light can also cause oxidative damage to DNA and RNA 60 , can generate covalent RNA-protein complexes 61 and can induce apoptotic and necrotic cell death 62 , all of which are factors that could promote the release of potent endogenous TLR7 and TLR9 ligands.
TLRs in in vivo models of SLE TLR deficiency affects mouse models of SLE.
Evaluating the overall impact of TLR activity on the production of autoantibodies and on the development of systemic autoimmune disease requires in vivo verification of the c | Autoreactive B cells that have upregulated TLR7 expression bind the autoantigen that is released from apoptotic cells. d | The B-cell receptors (BCRs) of these cells deliver RNA autoantigen to TLR7, and engagement of TLR7 leads to proliferation and differentiation of these B cells. e | These B cells produce autoantibody, which combines with autoantigen to form immune complexes. f | Immune complexes bind the receptors for the Fc portion of IgG (FcγRs) at the surface of pDCs that are derived from circulating monocytes. g | The internalized autoantigen engages TLR7, and more IFNα is then produced by the pDCs. IFNαR, IFNα receptor.
HEp-2 cells
A human epithelial cell line that is commonly used as a target for immunofluorescent detection of a wide range of nuclear-and cytoplasmicstaining antibodies. Distinct staining patterns are associated with particular antibody specificities. For example, a homogeneous nuclear-staining pattern is indicative of antibodies that react with double-stranded DNA or chromatin, whereas a speckled nuclear-staining pattern is indicative of antibodies that react with small nuclear ribonucleoproteins.
Mitotic plates
The aligned metaphase chromosomes before cell division.
in vitro analyses. A limited number of studies have now provided data consistent with the idea that TLR7 and TLR9 have key roles in the production of pathogenic autoantibodies and/or in the development of clinical features of autoimmunity in experimental animals (TABLE 2) .
Mice that are homozygous for the lpr mutation do not express a functional form of the death receptor CD95 (also known as FAS), and they develop a lymphoproliferative disease that is similar to Canale-Smith syndrome in humans. The disease is associated with the production of antibodies specific for double-stranded DNA (dsDNA), chromatin and snRNPs, as determined by the strong and homogeneous nuclear-staining pattern of HEp-2 cells. By contrast, lpr/lpr mice deficient in the TLR adaptor protein MyD88 do not produce ANAs (even as they age), and these mice develop marked lymphoproliferative disease. Sera from about one-third of lpr/lpr mice also have antibodies specific for SmD or SmB, whereas sera from MyD88-deficient lpr/lpr mice show only negligible activity against these RNA-associated proteins 46 .
Mice with the lpr mutation have also been bred with mice that lack TLR9. These TLR9-deficient lpr/lpr mice have a much more selective defect in autoantibody production than do the MyD88-deficient lpr/lpr mice. Although they still produce ANAs, sera from TLR9deficient lpr/lpr mice result in a speckled, rather than a homogeneous, nuclear-staining pattern of HEp-2 cells. In addition, these sera fail to stain the mitotic plates of HEp-2 cells or the kinetoplasts of trypanosomes (such as Crithidia luciliae), criteria that are used to identify antibodies that react with dsDNA. It should be noted that serum samples from about one-half of TLR9-deficient lpr/lpr mice show strong cytoplasmic reactivity, but this reactivity is relatively rare among lpr/lpr mice that are sufficient in TLR9 (REF. 63 ). Overall, these staining data are best interpreted as a failure to make dsDNA-or chromatin-specific antibodies while continuing to produce antibodies specific for cytoplasmic and nuclear RNPs. These results are completely consistent with the in vitro data (summarized earlier) that predicted that the response to DNA and DNA-associated proteins would be TLR9 dependent, whereas the response to *564 (564Igi mice) and 56R refer to B-cell-receptor-targeted genes that encode antibodies that react with RNA-associated or DNA-associated autoantigens, respectively. Ali5, lpr, sle1 and Yaa (Y-chromosome-linked autoimmune accelerator) are all genetic mutations. Mice with the Ali5 mutation have a gain-of-function mutation in phospholipase Cγ 2 . Mice that are homozygous for the lpr mutation do not express a functional form of the death receptor CD95. The Yaa mutation results from duplication and translocation of a region of the X chromosome to the Y chromosome; this region includes Toll-like receptor 7 (TLR7). ‡ Autoantibody titres were determined by several methods: immunofluorescence (by assays using the human epithelial cell line HEp-2 or the trypanosome Crithidia luciliae), western-blotting analysis, enzyme-linked immunosorbent assay (ELISA) or protein array. ANA, antinuclear antibody; dsDNA, double-stranded DNA; Fcgr2b, lowaffinity Fc receptor for IgG; GBM, glomerular basement membrane; Myd88, myeloid differentiation primary-response gene 88; ND, not determined; snRNP, small nuclear ribonucleoprotein.
Kinetoplast
A DNA-containing organelle of trypanosomes, usually found in an elongated mitochondrion that is located adjacent to the basal body.
sle1
The systemic lupus erythematosus 1 (sle1) locus encompasses several wellstudied SLE-susceptibility genes, including members of the SLAM (signalling lymphocytic activation molecule) family of co-stimulatory molecules.
RNA and RNA-associated proteins would be TLR7 dependent. However, despite the absence of dsDNAspecific antibodies, TLR9-deficient lpr/lpr mice and TLR9-deficient mice with the Ali5 mutation (which have a gain-of-function mutation in phospholipase-Cγ 2 and are another mouse model of SLE) still make antibodies that react with plate-bound DNA (probably singlestranded DNA) in enzyme-linked immunosorbent assays. Remarkably, renal disease in TLR9-deficient autoimmune-prone mice was significantly worse than in their TLR9-sufficient litter-mates [64] [65] [66] [67] . It remains to be determined whether this reflects a role for TLR9 in the clearance of cell debris, an increase in the pathogenicity of RNA-containing immune complexes, differential expression of TLR7 or TLR9 by a regulatory-cell population or another mechanism. The effect of TLR9 deficiency has also been examined in the context of another mouse model of SLE, in which C57BL/6 mice fail to express the inhibitory receptor FcγRIIb. In this case, TLR9-deficient autoreactive B cells do not undergo class switching to the pathogenic immunoglobulin isotypes IgG2a and IgG2b 68 . This is presumably a result of the absence of TLR9-mediated induction of expression of the transcription factor T-bet, which directly promotes switching to IgG2a 69 . As a consequence, these mice have significantly smaller deposits of IgG in the glomeruli and survive considerably longer than their TLR9-sufficient litter-mates. Together, these studies confirm that B-cell expression of TLR9 has an important role in promoting the antibody response to DNA and DNA-binding proteins, such as histones. Moreover, in at least one mouse model of SLE, the absence of functional TLR9 has a marked effect on disease outcome. TLR7 deficiency can also influence autoantibody production. C57BL/6 mice that inherit site-directed insertions of the immunoglobulin heavy-and light-chain variable regions encoding the antibody 564 (denoted 564Igi mice) spontaneously produce autoantibodies that react with ssRNA and stain the cytoplasm and nucleoli of HEp-2 cells. These RNA-reactive antibodies are not produced by TLR7-deficient 564Igi mice 70 . Moreover, TLR7-deficient lpr/lpr mice do not make antibodies that react with RNA-associated autoantigens, and they develop less severe clinical disease than do their TLR7sufficient litter-mates 64 . Therefore, TLR7 can have a key role in the activation of autoreactive B cells specific for RNA-associated autoantigens.
The Yaa mutation and TLR7. The Yaa (Y-chromosomelinked autoimmune accelerator) mutation occurred during the generation of the BXSB strain of autoimmuneprone mice. Male BXSB mice develop a severe form of SLE with a much higher incidence than their female counterparts. Recent studies have shown that the phenotype of mice with the Yaa mutation results from translocation of a 4-megabase portion of the X chromosome to the Y chromosome, leading to a twofold increase in the expression of several genes that are normally X linked, including TLR7 (REFS 71, 72) . B6.SB-Yaa mice (that is, C57BL/6 mice that have been crossed onto BXSB mice, which have the Yaa mutation) do not develop autoimmune disease and make only very small amounts of IgM ANAs. However, FcγRIIb-deficient B6.SB-Yaa mice have a markedly different phenotype from either of the parent strains (that is, B6.SB-Yaa mice and FcγRIIbdeficient C57BL/6 mice). The cumulative mortality of the mice at 6 months increased from 0% for B6.SB-Yaa mice and 15-20% for C57BL/6 mice deficient in FcγRIIb to more than 80% for the FcγRIIb-deficient B6.SB-Yaa mice. This markedly decreased survival rate is associated with more severe proteinuria and renal disease. Importantly, the mainly DNA-and chromatin-specific antibody repertoire of C57BL/6 mice deficient in FcγRIIb (as evidenced by homogeneous nuclear staining of HEp-2 cells) shifts to a mainly nucleolus-specific antibody repertoire (as evidenced by speckled nuclear staining) in the FcγRIIb-deficient B6.SB-Yaa mice 71, 73 .
Similar results were obtained when B6.SB-Yaa mice were crossed onto the moderately autoimmune-prone strain of mice B6.NZM-sle1 (C57BL/6 mice that have been crossed onto NZM2410 mice, which have a mutation in the sle1 locus). B6.NZM-sle1 mice that are 4-6 months of age make reasonably large amounts of IgG specific for DNA and chromatin, but these mice do not develop clinical nephritis. By contrast, both B6.SB-Yaa mice and B6.SB-Yaa mice with the sle1 mutation begin to produce large amounts of IgM autoantibodies by 6-8 weeks of age, and most of these antibodies are specific for nuclear and cytoplasmic RNA-associated autoantigens. The B6.SB-Yaa mice with the sle1 mutation subsequently develop high titres of IgG specific for RNPs, and this shift is associated with the onset of renal disease and with decreased rates of survival. (Cumulative mortality at 10 months is 0% and 60% for B6.SB-Yaa mice and B6.SB-Yaa mice with the sle1 mutation, respectively 72,73 .) Considering the specificity of TLR7 for ssRNA, it is highly probable that the RNA-focused antibody response results from autoantigen engagement of TLR7. In fact, in vivo administration of a TLR7 ligand was sufficient to divert the autoantibody repertoire of C57BL/6 mice deficient in FcγRIIb from a homogeneous to a speckled nuclear-staining pattern independently of the Yaa mutation 71 . Whether the more severe clinical features of the mice that also have the Yaa mutation are the direct outcome of increased TLR7 expression remains to be determined. Other genes in the translocated interval might prove to be important factors in disease pathogenesis. However, it is intriguing that recent clinical data indicate a strong correlation between IFN-activated genes, SLE disease activity and the presence of antibodies specific for autoantigen-associated RNPs 74 .
TLR7 and TLR9 inhibitors affect mouse models of SLE.
Another approach for evaluating the importance of TLR7 and TLR9 ligands in the development of systemic autoimmune disease is to assess the efficacy of therapeutically administered inhibitors. At present, potential TLR7 and TLR9 inhibitors fall into two main categories: antimalarial agents and inhibitory oligonucleotides 75 . Antimalarial agents have been used to treat SLE for more than a century, and hydroxychloroquine (Plaquenil) is still considered to be an effective
The F 1 offspring of a cross between NZB and NZW mice develop many of the symptoms of human systemic lupus erythematosus (SLE) and are commonly used as an animal model of SLE.
Single-nucleotide polymorphism (SNP) . A SNP indicates a particular site in the genome where different bases could be present. In general, alleles of any polymorphism are present at a frequency of 1% or greater in the human genome. treatment for cutaneous SLE and for SLE-associated polyarthralgia, pleuritis and pericarditis (reviewed in REF. 76) . A particularly efficacious formulation (containing chloroquine, hydroxychloroquine and quinacrine) was described in 1959 (REF. 77) but was withdrawn from the market in 1972 because of general concerns regarding combination therapies. The proposed mechanisms of action of the antimalarial agents are wide ranging and include absorption of UV light, general anti-inflammatory and antiproliferative effects, dissolution of immune complexes and inhibition of various activities that are associated with immune function (such as cytokine release). Of particular relevance here, chloroquine and related compounds can block TLR9 (and TLR7) activation effectively, presumably by preventing the acidification and subsequent maturation of endosomes [78] [79] [80] , and these compounds can inhibit the activation of both B cells and myeloid and plasmacytoid DCs that is mediated by DNA-or RNA-containing immune complexes 27, 32, 45, 46 . Whether the standard clinical regimen of administration of hydroxychloroquine maintains the drug in an amount that is sufficient to block TLR7 and TLR9 signalling in patients remains to be determined.
ODNs that incorporate hypomethylated CpG motifs (such as GACGTT), which are stimulatory, are potent experimental ligands for TLR9 (REF. 81) 
. Certain other ODN sequences not only fail to activate either B cells or pDCs but inhibit the agonist activity of such stimulatory motifs. Inhibitory sequences were originally discovered in adenoviral vectors 82 , and specific inhibitory motifs were subsequently identified by functional analyses of sequences related to a stimulatory motif 83 . Sequences that incorporate either CCTGGCGGGG or CCTGGAGGGG are usually potent inhibitors. These inhibitory ODNs (also known as immunoregulatory sequences) not only block stimulatory ODN-mediated activation of B cells and pDCs but also block the agonist activity of both DNA-and RNA-containing immune complexes 31, 46 . In the case of RNA-containing immune complexes, the activity of inhibitory ODNs was found to be independent of TLR9: inhibitory ODNs blocked the activation of both wild-type and TLR9-deficient B cells by RNAcontaining immune complexes 46 . These data indicate that inhibitory ODNs can antagonize both TLR7 and TLR9 directly, even though ODNs have a DNA backbone. Notably, administration of these ODNs significantly reduces the severity of clinical features of SLE in the autoimmune-prone mouse strains MRL-lpr and (NZB × NZW)F 1 (REF. 84 and F. Barrat, unpublished observations) .
Another class of inhibitory ODNs consists of multimers of a repetitive element, TTAGGG, that are present at high frequency in mammalian telomeres 52 . These inhibitors directly block the engagement of TLR9 by stimulatory ODNs in vitro and in vivo, but they do not inhibit in vitro responses to lipopolysaccharide, which are mediated though TLR4. However, these inhibitors can also bind signal transducer and activator of transcription 1 (STAT1) and STAT4 and therefore block signalling cascades that are triggered by cytokines such as IFNγ or interleukin-12. In addition, bimonthly administration of telomere-derived ODNs to (NZB × NZW)F 1 mice, starting at 6 weeks of age, both delayed the onset of renal disease and prolonged survival 85 . Whether these effects are mainly due to inhibition of TLR9 or to inhibition of STAT1 and/or STAT4 remains to be determined. Overall, however, there is clear evidence that blockade of TLR7 and/or TLR9 might be a useful therapeutic strategy for the treatment of SLE and related systemic autoimmune diseases.
Genetic studies of humans provide evidence. SLE stems from a complex genetic trait: that is, several genetically determined factors contribute to disease susceptibility. Because genes that predispose individuals to auto immunity are likely to promote key events in pathogenesis, several groups have recently focused on single-nucleotide polymorphisms (SNPs) that are associated with the type-I-IFN-signalling pathway. IFN-regulatory factor 5 (IRF5) is constitutively expressed by B cells and pDCs and has a crucial role in the TLR-induced transcription of pro-inflammatory cytokines 86 . In human cells, IRF5 regulates the expression of type I IFNs downstream of TLR7 but not TLR3 (REF. 87 ). Remarkably, studies of five separate patient cohorts have now identified at least two SNPs associated with IRF5 as being high risk factors for SLE 88, 89 . Transcriptional regulation of IRF5 is a complex process that involves 3 promoters and at least 11 mRNA isoforms. One of these SLEassociated SNPs allows the expression of IRF5 mRNA isoforms initiated by the promoter for exon 1B. The other SNP promotes increased expression of IRF5. Whether the exon-1B-promoter-driven isoforms have unique functional properties or increased stability remains to be determined. Despite the lack of a clearcut mechanistic explanation, the correlation between increased IRF5 expression and SLE susceptibility further connects TLR-signalling events to SLE.
Role of TLRs in other autoimmune diseases
If endogenous DNA and RNA contribute to the development of systemic autoimmune disease, then are there endogenous ligands for other TLR-family members? And, if these ligands exist, what is their role in health and disease? It is reasonable to assume that the association between infection and autoimmunity is often caused by TLR-mediated induction of proinflammatory cytokine and chemokine expression and upregulation of co-stimulatory molecule expression by APCs. Numerous experimental systems have now documented the ability of microbial TLR ligands to trigger disease onset in experimental models of arthritis 90, 91 , multiple sclerosis (experimental allergic encephalomyelitis (EAE), in mice) [92] [93] [94] , myocarditis 95 , diabetes 96 and atherosclerosis 97 . Whether endogenous TLR ligands contribute markedly to the onset or perpetuation of these diseases is less clear-cut. The following endogenous molecules have all been reported to stimulate TLR2 and/or TLR4: breakdown products of the extracellular matrix, such as hyaluronate and heparan sulphate; molecules that have been released K/B×N mice A mouse strain that was formed by crossing non-obese diabetic (NOD)/Lt mice with KRN T-cell-receptor-transgenic mice on a C57BL/6 background. In these mice, T cells recognize a peptide from the autoantigen glucose-6-phosphate isomerase (GPI). The mice develop arthritis that is mediated, and transferable, by circulating antibody specific for GPI.
Microglial cell
A macrophage-lineage cell that is derived from bone marrow and is present in the central nervous system. from dead or damaged cells, such as high-mobility group box 1 protein (HMGB1), fibronectin and heatshock proteins; fibrinogen; and modified low-density lipoprotein (TABLE 1) . Many of these molecules accumulate in the joints of patients with rheumatoid arthritis and at other sites of inflammation. The precise mechanism by which TLR2 and TLR4 recognize such a wide range of molecular structures, and the extent of redundancy between TLR2 and TLR4 in the detection of these molecules at sites of cell injury or inflammation, is unresolved.
Linkage studies in patients have not yet found significant correlations between TLR2 or TLR4 activity and human autoimmune disease. A variant of TLR4 with reduced function has been shown to confer reduced risk of developing atherosclerosis 98 but not arthritis 99 ; however, in this case, risk outcome could reflect activity of either exogenous or endogenous ligands.
Adoptive-transfer studies carried out in mouse models of arthritis and mice with EAE indicate that endo genous TLR ligands might contribute to the pathogenesis of related autoimmune diseases. K/B×N mice develop spontaneous arthritis that is associated with the production of large amounts of antibody specific for glucose-6-phosphate isomerase. Serum from these mice is sufficient to transfer arthritis to naive recipients. Transfer of serum to TLR4-deficient mice induces joint swelling that resolves more quickly than in TLR4-sufficient (control) mice, indicating that endogenous TLR4 ligands have a role in the perpetuation of disease 100 . Similarly, injection of mice with the antigen myelin oligodendrocyte glycoprotein in complete Freund's adjuvant results in the development of EAE, and T cells from these mice can transfer disease to naive recipients. Unexpectedly, the transfer of these T cells to MyD88-deficient recipients led to only minimal disease, and TLR9-deficient recipients had a muchattenuated clinical score compared with TLR-sufficient (control) mice 101 . These data could be explained, in part, by in vitro studies showing that microglia express TLR9 and respond to CpG motifs by the production of proinflammatory mediators 102 ; presumably, the ligand in the central nervous system is derived from cells that are damaged by the pathogenic effector T cells.
Perhaps the most convincing in vivo data for physiologically relevant endogenous ligands of TLR2 and TLR4 come from experimental models of tissue injury. In an in vivo model of ischaemia and reperfusion damage to the kidney, TLR2-deficient mice that were subjected to occlusion of the renal arteries produced significantly less pro-inflammatory cytokines and chemo kines, showed less leukocyte infiltration and developed less severe renal injury than did TLR-sufficient (control) groups of mice 103 . A similar role for TLR2 and TLR4 was found in studies of mouse models of myocardial ischaemia and reperfusion 104, 105 ; in these studies, mice deficient in TLR2 or TLR4 produced less pro-inflammatory cytokines and developed less severe pathology. Possible TLR ligands include products released from necrotic cells, such as heatshock proteins and HMGB1. However, TLR-mediated cytokine production is not always detrimental to the host. In a bleomycin-induced lung-injury model, alveolar cells from mice deficient in both TLR2 and TLR4 produced less pro-inflammatory cytokines than did TLR-sufficient (control) cells, but the TLR-deficient mice had a lower survival rate than the TLR-sufficient mice 106 . The mice deficient in both TLR2 and TLR4 were also more sensitive to hypoxia-induced lung injury and had a much lower survival rate than did wild-type mice. It seems that low-molecular-weight fragments of hyaluronate, which are released from the extracellular matrix as a result of injury-associated degradation, can provoke inflammatory responses. By contrast, intact (high molecular weight) hyaluronate has a protective effect, which is also mediated through engagement of TLR2 and TLR4 (REF. 106 ). It will be interesting to see whether other endogenous ligands have the same capacity to tilt the immunological balance from tissue injury to tissue repair.
Concluding remarks
Experimental evidence continues to support a role for TLR7 and TLR9 in the development of systemic autoimmune diseases; however, many questions remain unanswered. In addition to the different forms of SLE, diseases such as scleroderma and Sjögren's syndrome are associated with a characteristic set of ANAs and RNP-specific antibodies 107 . So how does autoantibody specificity relate to disease mechanisms? And does activation of TLRs contribute to the pathogenesis of systemic autoimmune diseases that are IFNα dependent to different extents? TLR9 deficiency has a large impact on the clinical phenotype of B6.NZM-sle1 mice but only exacerbates the clinical parameters of CD95deficient mice. Given the many genetic and environmental factors that are likely to contribute to SLE in humans, will the contribution of TLR9 (or TLR7) to disease activity in humans be equally variable? Most likely, it will be necess ary to evaluate several models of spontaneous SLE to appreciate the overall impact of deficiency in TLR7, TLR9 or both TLR7 and TLR9 on autoantibody production, as well as on various other clinical parameters. Will blockade of TLR7 and TLR9 prevent and/or ameliorate the clinical features of SLE and related diseases? And, if so, to what extent would such therapeutics compromise the protective capacity of the immune system?
Although it is beyond the scope of this Review, non-TLR sensors of nucleic acids such as PKR (IFN-inducible double-stranded-RNA-dependent protein kinase) and RIG-I (retinoic-acid-inducible gene I) might also recognize endogenous ligands and trigger the production of pro-inflammatory cytokines. From a broader perspective, endogenous ligands for other TLRs (and other PRRs) probably have a crucial role in sensing and repairing various forms of tissue injury. Although we are just beginning to understand how, where and when TLRs recognize self components, appropriate manipulation of these components of the innate immune system might eventually provide the means to treat a broad range of chronic inflammatory conditions.
